The aminoalkyl-functionalized anthraquinone series of synthetic compounds has been the subject of much study in the quest for more active and less toxic analogs of the anthracycline antitumor antibiotics, daunomycin and adriamycin. [1] [2] [3] [4] In an attempt to increase therapeutic effectiveness and reduce toxicity by the anticancer drugs anthracyclines and anthraquinone during chemotherapy, we have developed a series of regioisomeric disubstituted aminoanthraquinone (DAAQ) derivatives by modifying the chromophore and the side arms on their anthraquinone skeleton. [5] [6] [7] [8] [9] [10] [11] The quinoid anthracycline-related anti-cancer agents represent an important group of antitumour drugs with a wide spectrum of activity.
In an attempt to increase therapeutic effectiveness and reduce toxicity by the anticancer drugs anthracyclines and anthraquinone during chemotherapy, we have developed a series of regioisomeric disubstituted aminoanthraquinone (DAAQ) derivatives by modifying the chromophore and the side arms on their anthraquinone skeleton. [5] [6] [7] [8] [9] [10] [11] The quinoid anthracycline-related anti-cancer agents represent an important group of antitumour drugs with a wide spectrum of activity. 12) On the basis of previously established structure-activity relationships (SARs) for compounds that are able to inhibit some of the tumor cell lines proliferation and dual modulation of the telomerase to varying degrees. A series of diaminoanthraquinones were discovered initially as protein kinase C inhibitors, and they also exhibited potent tumor cell growth inhibitory activity in vitro without cross resistance to adriamycin. 13) Recent reports suggest that triplex stabilization could be achieved with a series of DAAQs, which are able to discriminate between duplex and triplex DNA by virtue of their structural characteristics. 14, 15) Mitoxantrone, a synthetic aminoanthraquinone belongs to chemical class of agents known as the anthraquinones which antitumor activity is attributed to its interaction with DNA topoisomerase II, and its interaction with human cells may also involve nonintercalary, electrostatic interactions.
16) The mitoxantrone-derived free radicals or their further oxidative activation of mitoxantrone to a DNA-damaging species may contribute to the mechanism of action of this antitumour agent. 17) Aminoanthraquinones may represent a class of polyamine binding site ligands with pharmacophore and may facilitate the rational design of N-methyl-D-aspartate (NMDA)-receptor modulators. 18) Aliphatic amine N-oxides have long been identified as non-toxic metabolites of a large number of tertiary amines drugs. Bioreduction of such N-oxides will generate the active parent amine. This principle has been adopted to develop AQ4N, a di-N-oxide anticancer prodrug with little intrinsic cytotoxicity. 19) As part of our efforts to discover new chemotherapeutic agents, we have synthesized a series of 1,8-diaminoanthraquinones that have different profiles with cytotoxicity and other biological evaluation. Cytotoxicity and SARs studies demonstrated that 1,8-disubstituted aminoanthraquinones and not their 1,5-isomers can selectively inhibit some of the tumor cell lines. Previously, we have developed a series of structurally related symmetrical and asymmetrical substituted or disubstituted anthraquinones as potential chemotherapeutic agents. [5] [6] [7] [8] [9] [10] [11] The positional attachment of the amide and amino side chains have been shown to profoundly influence their cytotoxicity. For example, 1,4-diamidoanthraquinones have been shown more efficiently inhibited Hepa G2 cells, whereas their 1,5-and 1,8-disubstituted regioisomer, in which the functionalized side chains may simultaneously occupy both the DNA major and minor grooves, with intercalation of the planar chromophore. 2, 20, 21) Evidence supporting these distinct binding mechanisms and activity has been provided by their in vitro cytotoxicity and structure-activity relationships for the anthraquinone skeleton through spacer side chains at these different positions and results are compared with experimental data with these agents.
Chemistry
As a part of our program aimed at exploring the biological activity of symmetrical substitution of side chains into the anthraquinone chromophore, we have synthesized a series of diaminoanthraquinones that are related to the antitumor agent mitoxantrone. Based upon the anthraquinone skeleton, the symmetrical diamino derivatives can be readily prepared using the method of nucleophilic substitution reaction including substitution of 1,8-dichloroanthraquinone. It offers a number of possibilities as a starting material for the synthesis of more complex molecules because of the juxtaposition of the chlorine atoms and the carbonyl groups of the central ring. A key to developing such synthesis lies in differential nucleophilic substitution of the chlorine atoms in starting Synthesis and Antitumor Activity of 1,8-Diaminoanthraquinone Derivatives material. The anthraquinones were synthesized by condensing an excess of the appropriate amine with commercially available 1,8-dichloroanthraquinone and gave rise to the desired diaminoanthraquinones 1-16 in good overall yield. Such a reaction is not likely to be general for simpler substituted anthraquinones except for heating in the miniclave. More commonly, disubstitution are noted in reactions of starting material (1,8-dichloroanthraquinone) with nitrogen nucleophiles, and the problem becomes one of separation and purification of products.
Biological Activity and Discussion
Several classes of planar aromatic compounds have been shown to act as telomerase inhibitors or activators. 8, 22) In connection with our interest in the development of new chromophoric anthraquinone isomers, we investigated the preparation of well defined anthraquinone structural motif that could be represent an attractive target for the rational design of new anticancer agents. The factors that control small molecule intercalation in DNA continue to be the focus of study, which the hydrophobicity of the small molecule and net charge are usually the most significant. 23) Additional factor specific to the side chains include their steric bulk, isohelicity of the side chains with the minor groove, and phasing of the ligand subunits with the edges of the base pairs. [24] [25] [26] We have recently shown that activation of human telomerase can be achieved with appropriately disubstituted anthraquinones. 8, 11) Comparisons with analogs anthraquinone-based compounds reveal a general reduction in the level of cellular cytotoxicity. Growth inhibition was determined in rat glioma C6 cells, human hepatoma G2 cells, and 2.2.15 cells using XTT assay. In vitro cytotoxicity and cell growth inhibitory data for the functionalized anthraquinones are collected in Table 1 and are compared with data for the corresponding mitoxantrone, adriamycin and cisplatin where commercial available. All compounds with the exception of compounds 2, 7, 9, 10, and 13 are remarkably non-toxic in these selected cell lines used. One of the most active in vitro compounds 7 displayed better cytotoxicity comparable with that of both mitoxantrone and adriamycin in C6 cells. Three of the most active in vitro compounds 2, 10, and 13 displayed cytotoxicity comparable with that of both mitoxantrone and adriamycin in HepG2 cells and 2.2.15 cells. In addition, compounds bearing alkyl substituents and terminal amine moieties 11 and 12 were found to be inactive, but 13 was found superior activity in these three cell lines. Among these compounds, compound 13 displayed the most potent inhibitory activity in Hep G2 cell line. This also correlates with an observed 13 had IC 50 values of 0.09 mM, 22-fold reduction in cytotoxicity for HepG2 cells compared to the mitoxantrone and 10-fold to adriamycin. Compound 13 with 5-aminopentylamino substituent, which were chosen as typical alkylamino group, had IC 50 values of 0.11 mM in C6 cells and IC 50 values of 1.29 mM in 2.2.15 cells, respectively. This result prompted us to introduce this kind of simple long side chain on other regioisomers. In conclusion, within a series of disubstituted amidoanthraquinones, Neidle et al. had found that the 2,7-regioisomer afforded the best stabilization of the TG triplex, though the 1,8-isomers also stabilized the interaction to some extent. 27) Expanding or contracting the ring puts the binding groups in different positions relative to each other and may lead to better interactions with the binding site. 6, 6, 6 Ring system has a good interaction with both hydrophobic regions. 28) With the aim to provide second-generation anthraquinone analogs endowed with reduced side effects and a wider spectrum of action than mitoxantrone and doxorubicin, a large number of new molecules bearing nitrogen atoms in the chromophore were synthesized and screened in vitro. All analogs showed in vitro cytotoxic activity against rat glioma C6 cells, human hepatoma G2 cells and 2.2.15 cell lines. From this screening, compounds 2, 7, 9, 10, and 13 emerged as the most interesting analogs which were tested in vitro on several murine and human tumor cell lines and showed cytotoxic potency lower than that of mitoxantrone and adriamycin. In particular, those compounds with methylene links in each side chain separating the amine and terminal amine moieties have superior cytotoxicity and, in general, enhanced anticancer characteristics. Based on this correlation, the most likely models of cytotoxicity complexes were postulated: (i) mitoxantrone and one derivative of bis(aminopentylamino)-substituted anthraquinone 13 were found superior activity in these three cell lines, both with the same distance of two long side chains, maybe intercalate from the minor groove of DNA and bind with both chains in this groove; (ii) propylamino disubstituted 2 and 2-dimethylaminoethylamino disubstituted 10 both with two methylene links in each side chain also have superior cytotoxicity.
Experimental
Melting points were determined with a Buchi B-545 melting point apparatus and are uncorrected. All reactions were monitored by TLC (silica gel 60 F 254 ). were cultured in minimum essential medium (MEM), supplemented with 10% fetal calf serum, 100 units/ml penicillin and 100 mg/ml streptomycin in a humidified atmosphere in 5% CO 2 at 37°C. Cell culture media were renewed every three days, up to the confluence of the monolayer. Cell culture was passaged when they had formed confluent cultures, using trypsin-EDTA to detach the cells from their culture flasks or dishes. Test compounds were stored at Ϫ70°C and solublized in 100% DMSO. All the drug solutions were prepared immediately before the experiments and were diluted into complete medium before addition to cell cultures. All data presented in this report are form at least three independent experiments showing the same pattern of expression.
XTT Method The tetrazolium reagent (XTT) was designed to yield a suitably colored, aqueous-soluble, non-toxic formazan upon metabolic reduction by viable cells. Approximately 2ϫ10 3 cells, suspended in MEM medium, were plated onto each well of a 96-well plate and incubated in 5% CO 2 at 37°C for 24 h. Test compounds were then added to the culture medium for a designated various concentrations. After 72 h, fresh XTT 50 ml and electron coupling reagent (PMS) 1 ml were mixed together, and 50 ml of this mixture were added to each well. After an appropriate incubation at 37°C for 6 h, the absorbency at 490 nm was measured with the ELISA reader.
